Introduction {#s1}
============

It is well-known that ambient temperature is associated with fluctuations in mortality and morbidity over time [@pone.0066403-Gasparrini1], [@pone.0066403-Goldberg1]. There has been an increasing interest in studying this relationship as a response to the climate change caused by increased greenhouse gases emissions [@pone.0066403-Yu1]--[@pone.0066403-Lin2].To investigate this association using time-series data, researchers have used various indicators of temperature, including mean, minimum and maximum ambient temperatures, diurnal temperature range (DTR), extremely hot or cold temperatures [@pone.0066403-Gasparrini1], [@pone.0066403-Lin1], [@pone.0066403-Nielsen1]--[@pone.0066403-Tam1]. Typically, J-, V-, or U-shaped associations between temperature and mortality have been observed in previous studies in the last two decades [@pone.0066403-Basu1]--[@pone.0066403-Kan1].

Along with the continuing climate change, unstable weather patterns (e.g., sharp drop/increase in temperature) are projected to occur more frequently in the coming decades [@pone.0066403-Parry1], [@pone.0066403-Epstein1], and have become important issues in public health agenda in recent years [@pone.0066403-Ha1]. Sudden temperature changes may represent a risk factor to human health, mainly to individuals with an existing chronic condition. Therefore, temperature change between the neighboring days might be another temperature indicator for analyzing temperature impacts on human health [@pone.0066403-Basu1]. However, to date there have been few studies to examine the health effects of temperature changes between neighboring days [@pone.0066403-Guo1], [@pone.0066403-Plavcova1]. It is well known that the effects of temperature can persist for a few days or even longer. Exposure to extreme temperature of the current day may impact the mortality of several days later [@pone.0066403-Ha2]. Recently, a new model, namely distributed lag non-linear model has been proposed to simultaneously investigate the delayed effects and the non-linear exposure--response relationship [@pone.0066403-Gasparrini2]. The effects of temperature on mortality may vary with population characteristics, geographical conditions (i.e., climatic condition, vegetation), health care access and population adaptation (i.e., usage of air conditioning) [@pone.0066403-MedinaRamon1]. To date, limited evidence is available from China about the health effects of temperature changes between adjacent days. Better understanding of this association will provide useful information for developing public health intervention programs and prevention measures that will better target on those most vulnerable to sharp temperature changes in China.

In the present study, we examined the short-term effect of temperature changes between adjacent days on mortalities from non-accidental diseases, cardiovascular and respiratory diseases in two subtropical cities of Guangdong Province, China. It is hypothesized that sharp temperature changes have significant adverse effects on human health. As the temperature-mortality relationship usually varies with seasons, we only examined the relationship between temperature changes and mortality in summer seasons (from May to September).

Materials and Methods {#s2}
=====================

Study Setting {#s2a}
-------------

Guangdong Province, located in southeastern China, has a typical subtropical climate with an average annual temperature of 22°C. Residents from two cities in Guangdong Province, Guangzhou and Taishan as illustrated in [Figure 1](#pone-0066403-g001){ref-type="fig"}, were selected as the study area. Guangzhou is the capital city of Guangdong Province and the third largest city in China, whereas Taishan is relatively small with limited industrial activities. Both cities have a typical monsoon-influenced climate with wet and hot summers and dry and cool to mild winters [@pone.0066403-Lu1]. Taishan has a population of about 1 million. The residents of two districts in Guangzhou City (Yue Xiu and Li Wan) were selected as the study population. These two districts combined have an area of 92.9 km^2^ and are home to 1.9 million residents. These two districts were chosen for two reasons. First, there are daily air pollution monitoring data available to this study, which were collected from three air monitoring stations in the two districts. Second, because most of those living in these two districts are permanent residents; and the mortality data are also of high quality.

![Location of the study area in Guangdong Province, China.](pone.0066403.g001){#pone-0066403-g001}

Data Collection {#s2b}
---------------

Daily non-accidental mortality data covering the period from January 1st 2006 to December 31st 2010 were collected from the Center for Disease Control and Prevention of Guangdong Province (GDCDC) for the two cities. GDCDC is the government agency in charge of health data collection in Guangdong Province. In Guangdong Province, a death must be reported to GDCDC; the death could occur in a hospital or at home. In both situations, the hospital or community/village doctors fill in a standard Death Certificate Card. The information is then reported to GDCDC through their internal network reporting system. The causes of death were coded according to the 10th revision of the International Classification of Diseases (ICD-10). The mortality data were classified into deaths due to all non-accidental causes (ICD-10: A00-R99), cardiovascular diseases (ICD-10: I00-I99), and respiratory diseases (ICD-10: J00-J99).

Daily meteorological data for both cities were obtained from Guangdong Meteorological Bureau for the same period. The variables included daily mean temperature (°C.), relative humidity (%) and atmospheric pressure (hpa). Temperature change was defined as the difference between the current day's and previous day's mean temperature. Daily 24-hour average ambient air pollution data were collected from Environmental Monitoring Center. Air pollution data included particular matter with an aerodynamic diameter less than or equal to 10 µm (PM~10~, in ug/m^3^), sulfur dioxide (SO~2~, in ug/m^3^), nitrogen dioxide (NO~2~, in ug/m^3^) and ozone (O~3~, in ug/m^3^). Daily air pollution data were measured continuously at environmental monitoring sites located in the centers of Guangzhou and Taishan, respectively.

Statistical Analysis {#s2c}
--------------------

As the count of daily mortality typically followed a Poisson distribution, a distributed lag non-linear model (DLNM) was used to simultaneously investigate the non-linear and delayed effects of temperature change on daily mortality [@pone.0066403-Gasparrini2], [@pone.0066403-Lin3], [@pone.0066403-Liu1]. In brief, we used quasi-likelihood Poisson regression in a generalized linear model to model the natural logarithm of daily counts of deaths as functions of predictor variables. This model used a "cross-basis" function that examine a two-dimensional relationship along the dimensions of temperature change and lag days. In "cross-basis" function, we used the spline function for temperature changes and the polynomial function for the lag structure. We initially conducted a "primary" model and then we did sensitivity analysis to investigate the robustness of the effect estimates. The "primary" model has a natural cubic spline with 3 df in the lag space and a cubic b-spline with 5 df in the temperature change space. We used lags up to 28 days according to the previous study to capture the overall effects [@pone.0066403-Guo1]. Potential confounding factors were controlled for in the model, which included an indicator for day of week (DOW), an indicator for public holiday (PH), a natural spline for day of the year (DOY, with df 4/year, as we only analyzed the data for summer) in order to control the seasonal effect within each year, a smooth function of mean temperature on the current day (Temp~0~, 3 df), a smooth function of the moving average for the previous 3 days' temperature (Temp~1--3~, 3 df), a smooth function of relative humidity (3 df) and smooth function for various air pollutants (3 df), including PM~10~, SO~2~, NO~2~ and O~3~. The model used for the analysis is:where E(Yt) denotes the expected daily mortality count on day t, cb means the "cross-basis" function, s(·) indicates a smooth function based on natural splines for nonlinear variables, β is regression coefficient, and COVs are the potential confounding factors.

We reported the relative risk (RR, with 95% confidence intervals (CIs)) of large temperature increase/drop (1%, 5%, 95% and 99% percentiles of temperature changes) on mortality along specific lag days with 0°C temperature change as the reference value. The sex-specific effect of temperature changes on total non-accidental mortality was also examined for the two cities. We also examined the cumulative effect of temperature changes on mortality along different lag days.

Because the risk estimates usually vary with the model specifications in time-series analysis [@pone.0066403-Lin3], [@pone.0066403-Gasparrini3], [@pone.0066403-Peng1], we performed additional sensitivity analyses: use of alternative degrees of freedom (3, 5 df/year) for temporal adjustment and use of alternative degrees of freedom (4, 5, and 6) for other weather variables and air pollutants. We also used alternative indicator for temperature change by the difference of the current day's and the previous day's maximum temperatures. In order to check whether the observed effects can be attributed to high temperature, we compared the effects estimates from models with or without daily mean temperature being included.

All statistical tests were two-sided and values of P\<0.05 were considered statistically significant. The dlnm package [@pone.0066403-Gasparrini2] in R software Version 2.15.1 (R Development Core Team, 2012) was utilized to fit all the models.

Results {#s3}
=======

[Table 1](#pone-0066403-t001){ref-type="table"} illustrated the distribution of daily weather conditions, air pollutants, and mortality in summer months in the two cities. There were, on average, 30.19 daily non-external deaths in Guangzhou, and 17.64 in Taishan, respectively. The temperature change ranged from −5.5°C to 4.2°C in Guangzhou, and from -5.9°C to 3.7°C in Taishan. The mean temperature was higher in Guangzhou (28.19°C) than in Taishan (27.52°C), and Taishan had higher relative humidity than Guangzhou (80.85% vs. 74.33%). Mean concentration of PM~10~, SO~2~, NO~2~ and O~3~ were 53.65 ug/m^3^, 46.82 ug/m^3^, 47.55 ug/m^3^ and 39.71 ug/m^3^ in Guangzhou and 31.92 ug/m^3^, 14.91 ug/m^3^, 14.51 ug/m3 and 21.95 ug/m^3^ in Taishan, respectively.

10.1371/journal.pone.0066403.t001

###### Summary statistics of daily weather conditions, air pollutants and mortality in Guangzhou and Taishan, China.
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  City                  Variable              Mean(SD)      Min     P25     P50     P75     Max
  ----------- ---------------------------- -------------- ------- ------- ------- ------- --------
  Guangzhou                                                                               
               Total (all non-accidental)   30.19(6.18)    15.00   26.00   30.00   34.00   54.00
                     Cardiovascular          9.57(3.39)    2.00    7.00    9.00    12.00   23.00
                      Respiratory            5.49(2.51)    1.00    4.00    5.00    7.00    18.00
                Temperature change (°C)      0.03(1.45)    −5.50   −0.70   0.20    1.00     4.20
                    Temperature (°C)        28.19(2.33)    20.40   26.60   28.20   30.20   33.50
                      Humidity (%)          74.33(9.78)    44.00   67.00   74.00   82.00   99.00
                    PM~10~ (ug/m^3^)        53.65(26.10)   8.33    34.21   49.13   66.96   177.33
                    SO~2~ (ug/m^3^)         46.82(24.56)   2.44    29.72   44.77   61.66   150.53
                    NO~2~ (ug/m^3^)         47.55(23.69)   12.96   30.99   40.83   59.44   158.83
                     O~3~ (ug/m^3^)         39.71(26.34)   0.92    18.53   35.65   54.25   154.50
  Taishan                                                                                 
               Total (all non-accidental)   17.64(4.76)    6.00    14.00   17.00   21.00   33.00
                     Cardiovascular         10.00(3.41)    1.00    8.00    10.00   12.00   23.00
                      Respiratory            2.12(1.55)    0.00    1.00    2.00    3.00     9.00
                Temperature change (°C)      0.02(1.30)    −5.90   −0.60   0.20    0.80     3.70
                    Temperature (°C)        27.52(2.00)    21.00   26.20   27.50   29.10   31.60
                      Humidity (%)          80.85(7.91)    46.00   76.00   80.00   87.00   99.00
                    PM~10~ (ug/m^3^)        31.92(35.29)   0.00    0.00    27.00   50.00   160.00
                    SO~2~ (ug/m^3^)         14.91(21.29)   0.00    0.00    6.00    23.00   165.00
                    NO~2~ (ug/m^3^)         14.51(16.46)   0.00    0.00    12.00   23.00   91.00
                     O~3~ (ug/m^3^)         21.95(28.26)   0.00    0.00    14.00   32.00   178.00

An overall picture of the effect of temperature change on cause-specific mortality in both cities was depicted in [Figure 2](#pone-0066403-g002){ref-type="fig"}, showing a three-dimensional plot of the relative risk (RR) along temperature change and lags with 0°C temperature change as the reference. Overall, the estimated effects of temperature changes on mortality were non-linear. A visual inspection of the figure suggested that there was an immediate harmful effect of large temperature increase on non-accidental mortality, cardiovascular mortality and respiratory mortality (except that of Taishan), and a protective effect of temperature decrease, and the figure also suggested that there was not obvious mortality displacement for temperature increase along the lag days in both cities. For non-accidental and cardiovascular mortalities in both cities and respiratory mortality in Guangzhou, the relative risk for large temperature increase was largest on the current day and subsequently declined in the following days, and it seemed that temperature increase had a delayed effect on respiratory mortality in Taishan. Large temperature drop had biggest protective effects on the current day for all types of mortality in both cities, except cardiovascular mortality in Guangzhou.

![Three-D plot of RR along temperature change and lags for mortalities from non-accidental diseases, cardiovascular and respiratory diseases, with reference at 0°C temperature change.](pone.0066403.g002){#pone-0066403-g002}

The relative risk of daily morality by temperature change at specific lag periods (0, 5, 10, 15, and 25 days) and by lag at specific temperature changes (−4.1, −2.9, 2.1, and 2.8°C.), which corresponded to approximately the 1^st^, 5^th^, 95^th^, and 99^th^ percentiles of the temperature change distribution in Guangzhou, respectively, were illustrated in [Table 2](#pone-0066403-t002){ref-type="table"}. We found that extremely high temperature decrease (−4.1°C.) was associated with decreased mortalities from non-accidental diseases, cardiovascular and respiratory diseases along the lag days, with largest effects on the current day (lag0) for non-accidental mortality (RR: 0.90, 95% CI: 0.83--0.98) and on lag 5 day for cardiovascular mortality (RR: 0.96, 95% CI: 0.74--1.00), and lag 5 day for respiratory mortality (RR: 0.85, 95% CI: 0.73--0.99), respectively. While large temperature increase was associated with elevated mortality from non-accidental diseases, cardiovascular and respiratory diseases in Guangzhou. For example, the RR for a 2.8°C. increase was 1.09 (95% CI: 1.02--1.17) for non-accidental mortality, 1.18 (95% CI: 1.03--1.37) for cardiovascular mortality on the current day, and1.11 (95% CI: 1.02--1.22) for respiratory mortality at lag 5 day, respectively.

10.1371/journal.pone.0066403.t002

###### Relative risk (RR) and 95% confidence intervals (CI) for different causes of mortality for extremely temperature changes (1%, 5%, 95% and 99% percentiles) at different lag days in Guangzhou.
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                          RR (95% CI)                                                               
  ---------------- -------------------------- -------------------------- -------------------------- --------------------------
  *Death cause*                                                                                     
  Non-accidental                                                                                    
  Lag0                **0.90(0.83--0.98)**         0.95(0.90--1.01)       **1.05(1.01**--**1.10)**   **1.09(1.02**--**1.17)**
  Lag5              **0.93(0.86**--**0.99)**       0.97(0.92--1.01)           1.02(0.98--1.06)           1.04(0.98--1.10)
  Lag10                 0.95(0.88--1.02)           0.98(0.93--1.03)           1.00(0.96--1.04)          1.00(0.94----1.06)
  Lag15                 0.96(0.90--1.04)           0.99(0.94--1.04)           0.98(0.94--1.02)           0.98(0.92--1.04)
  Lag25                 0.99(0.94--1.05)           1.01(0.98--1.05)           0.98(0.95--1.01)           0.97(0.93--1.02)
  Cardiovascular                                                                                    
  Lag0                  0.95(0.69--1.04)           0.97(0.77--1.01)       **1.13(1.03**--**1.23)**   **1.18(1.03**--**1.37)**
  Lag5              **0.96(0.74**--**1.00)**   **0.98(0.81**--**1.00)**       1.05(0.97--1.13)           1.09(0.95--1.20)
  Lag10                 0.96(0.77--1.01)           0.98(0.84--1.02)           1.03(0.92--1.08)           1.05(0.88--1.12)
  Lag15                 0.96(0.80--1.03)           0.99(0.87--1.04)           1.01(0.90--1.05)           1.03(0.84--1.07)
  Lag25                 0.95(0.85--1.05)           1.00(0.93--1.07)           1.00(0.92--1.05)           1.01(0.89--1.09)
  Respiratory                                                                                       
  Lag0                  0.83(0.64--1.06)           0.92(0.78--1.09)           1.04(0.93--1.15)           1.07(0.91--1.26)
  Lag5              **0.85(0.73**--**0.99)**       0.92(0.83--1.03)       **1.07(1.01**--**1.13)**   **1.11(1.02**--**1.22)**
  Lag10             **0.87(0.77**--**0.99)**       0.93(0.87--1.01)       **1.08(1.03**--**1.14)**   **1.14(1.05**--**1.23)**
  Lag15                 0.89(0.79--1.01)           0.95(0.88--1.02)       **1.08(1.02**--**1.14)**   **1.13(1.04**--**1.23)**
  Lag25                 0.93(0.84--1.02)           0.99(0.93--1.05)           1.02(0.97--1.07)           1.06(0.98--1.14)

The bold means statistically significant (p\<0.05).

The relative risk of daily morality by temperature changes at specific lag periods (0, 5, 10, 15, and 25 days) and by lag at specific temperature changes (--3.6, -2.3, 2.0, and 2.6°C.), which corresponded to approximately the 1^st^, 5^th^, 95^th^, and 99^th^ percentiles of the temperature change distribution in Taishan, respectively, was depicted in [Table 3](#pone-0066403-t003){ref-type="table"}. A similar pattern with that in Guangzhou was observed in Taishan. Temperature drop had an acute protective effect on both non-accidental and cardiovascular mortalities, for instance, the RR for a 3.6°C. temperature decrease on the current day was 0.87 (95% CI: 0.80--0.94) for non-accidental mortality and 0.87 (95% CI: 0.78--0.96) for cardiovascular mortality, respectively. And temperature increase was associated with increased non-accidental mortality and cardiovascular mortality with the RR 1.05 (95% CI: 1.01--1.10) for a 2.0°C. temperature increase for non-accidental mortality on the current day, and 1.05 (95% CI: 1.00--1.09) for a 2.0°C. temperature increase on lag 5 day, respectively. Different from the situation in Guangzhou, no significant association was found for respiratory mortality in Taishan.

10.1371/journal.pone.0066403.t003

###### Relative risk (RR) and 95% confidence intervals (CI) for different causes of mortality for extremely temperature changes (1%, 5%, 95% and 99% percentiles) at different lag days in Taishan.
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                        RR (95% CI)                                                     
  ---------------- ---------------------- ---------------------- ---------------------- ----------------------
  *Death cause*                                                                         
  Non-accidental                                                                        
  Lag0              **0.87(0.80--0.94)**   **0.92(0.87--0.96)**   **1.05(1.01--1.10)**     1.05(0.99--1.12)
  Lag5              **0.89(0.83--0.95)**   **0.93(0.89--0.97)**   **1.04(1.01--1.08)**   **1.05(1.00--1.10)**
  Lag10             **0.91(0.86--0.96)**   **0.94(0.90--0.97)**     1.04(0.92--1.07)     **1.04(1.00--1.08)**
  Lag15             **0.93(0.88--0.97)**   **0.95(0.92--0.98)**   **1.03(1.01--1.06)**   **1.04(1.00--1.07)**
  Lag25               0.96(0.92--1.01)     **0.97(0.94--1.00)**   **1.02(1.00--1.05)**     1.03(0.99--1.07)
  Cardiovascular                                                                        
  Lag0              **0.87(0.78--0.96)**   **0.9(0.85--0.96)**      1.05(0.99--1.11)       1.06(0.98--1.14)
  Lag5              **0.89(0.81--0.97)**   **0.92(0.87--0.97)**   **1.05(1.00--1.09)**     1.05(0.98--1.11)
  Lag10             **0.9(0.84--0.97)**    **0.93(0.89--0.97)**   **1.04(1.00--1.08)**     1.04(0.99--1.09)
  Lag15             **0.92(0.87--0.98)**   **0.94(0.90--0.98)**     1.03(0.99--1.06)       1.03(0.99--1.08)
  Lag25               0.96(0.91--1.02)       0.97(0.93--1.01)       1.02(0.98--1.05)       1.01(0.97--1.06)
  Respiratory                                                                           
  Lag0                0.87(0.69--1.09)       0.95(0.82--1.10)       0.97(0.86--1.09)       0.95(0.80--1.12)
  Lag5                0.89(0.73--1.08)       0.96(0.85--1.09)       0.98(0.89--1.08)       0.97(0.85--1.12)
  Lag10               0.91(0.77--1.07)       0.97(0.88--1.08)       0.99(0.92--1.08)        1(0.89--1.11)
  Lag15               0.94(0.81--1.07)       0.98(0.90--1.07)       1.01(0.94--1.08)       1.02(0.93--1.12)
  Lag25               0.98(0.86--1.12)        1(0.92--1.09)         1.04(0.97--1.11)       1.07(0.96--1.18)

The bold means statistically significant (p\<0.05).

[Table 4](#pone-0066403-t004){ref-type="table"} showed the sex-specific relative risk of total non-accidental mortality for extremely temperature changes for specific lag days in both cities. For both sexes in Guangzhou, temperature drop was associated with acute mortality decrease, for example, the RR for a 4.1°C. temperature decrease on the current day was 0.88(95% CI: 0.79--0.97) for males on the current day and 0.90 (95% CI: 0.81--1.00) for females at lag day 5, respectively. Temperature increase was associated with elevated total non-accidental mortality for males, while no association was found for females. Similar patterns were observed in Taishan only that significant association was found for temperature increase among females, the RR for 2.0°C. temperature increase was 1.04(95% CI: 1.00--1.09) at lag day 10.

10.1371/journal.pone.0066403.t004

###### Sex-specific relative risk (RR) and 95% confidence intervals (CI) for total non-accidental mortality for extremely temperature changes (1%, 5%, 95% and 99% percentiles) at different lag days in Guangzhou and Taishan.
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                    RR (95% CI)                                                                            
  ------------ ---------------------- ---------------------- ---------------------- ---------------------- ----------------------
  Guangzhou                                                                                                
  **Male**                                                                                                 
  −4.1°C        **0.88(0.79--0.97)**   **0.91(0.83--0.98)**     0.93(0.86--1.02)       0.96(0.88--1.05)       1.01(0.95--1.08)
  −2.9°C        **0.92(0.85--0.98)**     0.95(0.9--1.01)        0.98(0.92--1.03)       1.00(0.94--1.06)       1.02(0.98--1.06)
  2.1°C         **1.08(1.02--1.14)**     1.02(0.97--1.07)       0.98(0.94--1.03)       0.96(0.92--1.01)       0.97(0.94--1.00)
  2.8°C         **1.12(1.02--1.23)**     1.03(0.96--1.12)       0.98(0.9--1.06)        0.95(0.88--1.02)       0.95(0.90--1.01)
  **Female**                                                                                               
  −4.1°C          0.92(0.8--1.04)      **0.9(0.81--1.00)**    **0.89(0.8--0.99)**    **0.89(0.8--1.00)**      0.93(0.86--1.01)
  −2.9°C          0.97(0.89--1.05)       0.95(0.88--1.02)       0.94(0.87--1.01)       0.94(0.87--1.01)       0.97(0.92--1.03)
  2.1°C           1.03(0.96--1.10)       1.02(0.96--1.09)       1.02(0.96--1.08)       1.01(0.95--1.08)       1.00(0.96--1.04)
  2.8°C           1.06(0.94--1.18)       1.04(0.94--1.14)       1.02(0.93--1.13)       1.01(0.92--1.12)       1.00(0.94--1.07)
  Taishan                                                                                                  
  **Male**                                                                                                 
  −3.6°C        **0.90(0.81--1.01)**   **0.92(0.84--0.99)**     0.93(0.86--1.00)       0.94(0.88--1.00)       0.96(0.90--1.02)
  −2.3°C          0.94(0.88--1.00)       0.94(0.89--1.00)     **0.95(0.91--1.00)**     0.96(0.92--1.00)       0.97(0.93--1.01)
  2.0°C           1.04(0.98--1.10)       1.04(0.99--1.09)       1.03(0.99--1.07)       1.03(1.00--1.06)       1.02(1.00--1.06)
  2.6°C           1.05(0.97--1.14)       1.04(0.98--1.11)     **1.05(1.00--1.10)**     1.04(0.99--1.08)       1.03(0.98--1.08)
  **Female**                                                                                               
  −3.6°C        **0.83(0.73--0.94)**   **0.86(0.77--0.95)**   **0.88(0.81--0.97)**   **0.91(0.84--0.98)**     0.97(0.90--1.04)
  −2.3°C          0.89(0.82--0.96)       0.9(0.85--0.97)        0.92(0.87--0.98)       0.94(0.89--0.99)       0.97(0.93--1.02)
  2.0°C           1.05(0.99--1.13)       1.05(0.99--1.11)     **1.04(1.00--1.09)**   **1.04(1.00--1.08)**   **1.03(1.00--1.07)**
  2.6°C           1.06(0.96--1.16)       1.05(0.97--1.14)       1.05(0.98--1.11)     **1.05(1.00--1.10)**     1.03(0.97--1.09)

The bold means statistically significant (p\<0.05).

To illustrate the overall effects of temperature change along lag days on all cause mortality in the two cities, we showed the cumulative distributed non-linear lag function over 5 lag days ([Figure 3](#pone-0066403-g003){ref-type="fig"}). This function can be seen as the total effect of the temperature changes accumulated up to past 5 days on current day's mortality, assuming that temperature change was the same during the past 5 days. The overall estimated RRs were 0.63 (95% CI: 0.46--0.88) and 1.31 (95% CI: 1.04--1.66) for a 4.1°C. temperature decrease and 2.8°C. increase, respectively, compared to 0°C. temperature change in Guangzhou; and the cumulative RRs in Taishan were 0.43 (95% CI: 0.33--0.56) and 1.46 (95% CI: 1.15--1.84) for a 3.6°C. temperature drop and 2.6°C. temperature increase, respectively, with 0°C. temperature change as reference.

![The cumulative effect of temperature changes over past 5 days on all cause mortality.](pone.0066403.g003){#pone-0066403-g003}

We changed df (3, 5) for day of year to control for temporal trend, which gave similar results. We changed df (4--7) for temperature, relative humidity and various air pollutants, the estimated effects of temperature change were not substantially changed.

We used an alternative indicator for temperature change by using the difference of the current day's and previous day's maximum temperatures, which gave a similar results, only that it seemed that the temperature increase had a more delayed effect in Taishan (as shown in [Figure S1](#pone.0066403.s001){ref-type="supplementary-material"}). In addition, we compared the results from models with or without daily mean temperature being included, the effect estimates were somewhat similar (as shown in [Figure S2](#pone.0066403.s002){ref-type="supplementary-material"}), which meant that the observed effect of temperature changes could not be explained by high or low temperatures.

Discussion {#s4}
==========

The present study investigated the effect of temperature change between neighboring days on mortality in two southern cities of China. Large temperature decrease between neighboring days was found to be followed by significantly decreased both all cause mortality and cardiovascular mortality, and temperature increase was associated with increased risk of mortality from non-accidental and cardiovascular diseases in both cities. The finding of this study also suggested that large temperature increase was associated with increased respiratory mortality and temperature decrease was related with decreased respiratory mortality in Guangzhou. These findings implied that physiological reactions to temperature fluctuations might depend on degree of the changes and that the direction of temperature change was also important.

Our results were not confounded by temperature. Adjusting for current day's mean temperature and moving average of previous 3 days' temperature did not change the effect estimates, suggesting that temperature changes between adjacent days might present itself a predictor of human health.

The harmful health effects of temperature increase found in this study were generally in accordance with previous studies that showed that temperature increase (or higher temperature) conferred excess risks of daily deaths from all cause mortality and cardiovascular mortality [@pone.0066403-Goldberg1], [@pone.0066403-Ha1], [@pone.0066403-Guo1]. This study has also found that both temperature increase and temperature drops had delayed effects on mortality, which was slightly different from previous studies, which found that high temperature had acute health effects and low temperature had more prolonged effects [@pone.0066403-Guo2], [@pone.0066403-Lin4].

The harmful effect of large sudden temperature increase on mortality in summer was biologically plausible. The human body regulated the heat exchange between the body and ambient temperature by physiological control [@pone.0066403-Guo2]. When exposed to large sudden temperature increase in summer, the automatic thermoregulation system might not adapt to sudden temperature increase, particularly for people with some chronic conditions [@pone.0066403-Zanobetti1]. The possible underlying mechanism may be related to dehydration, salt depletion and increased surface blood circulation [@pone.0066403-Bouchama1]. Schneider et al. observed that sudden changes in temperature were also associated with risk factors of human health, such as increases in blood cholesterol levels, blood pressure, plasma fibrinogen concentrations, peripheral vasoconstriction, heart rate, platelet viscosity, and reducing the immune system's resistance [@pone.0066403-Schneider1], [@pone.0066403-McGeehin1]. All the above factors were directly associated with cardiovascular function [@pone.0066403-Bhaskaran1]. Another study showed that an increase in ambient temperature was associated with significant changes in heart rate and electrocardiography parameters in patients in a heart rehabilitation clinic in Germany [@pone.0066403-Schneider1].

With regard to the protective effect of temperature decrease, our results were consistent with a previous study in the Czech Republic [@pone.0066403-Plavcova1]. In the study area, when the temperature in summer dropped by about 3°C., the temperature was about 25°C., which was an optimum ambient temperature for local population [@pone.0066403-Yan1], and this temperature was similar to the indoor temperature level with air conditioning, so people did not need to have too much body regulation at this temperature. Nevertheless, a recent study in Brisbane, Australia showed that a large temperature drop was associated with elevated mortality in summer [@pone.0066403-Guo1]. And Ebi, et al. analyzed the association between temperature changes (defined as at least 3°C. decrease in maximum temperature or 3°C. increase in minimum temperature) and cardiovascular and stroke morbidity in three Californian regions, and found a significant increase in morbidity for both temperature decreases and increases, with a stronger association for the oldest age groups [@pone.0066403-Ebi1]. This discrepancy might be due to differences in weather conditions, population characteristics (e.g. socio-economic status, adaptation to temperature change, racial composition and adaptive capacity), and living conditions including usage of air conditioning, as well as access to health care in different areas [@pone.0066403-Stafoggia1]--[@pone.0066403-Ostro1].

The similar effects among males and females in the effects of temperature change on total non-accidental mortality might be due to similar exposure and adaptation in the two cities. Whereas the temperature change was only found to be associated with respiratory mortality in Guangzhou in this study. The study in Brisbane, Australia suggested that people with cardiovascular diseases were more vulnerable to temperature changes than those with respiratory conditions [@pone.0066403-Guo1]. Respiratory diseases are mainly caused by the immune system's resistance to respiratory infections [@pone.0066403-Curriero1].

Global climate change has profound impacts on human health, which has been reported to be affected by fluctuations in temperature. Special public health strategies to mitigate temperature-related adverse health effects (especially extremely high temperature in summer) have been systematically planned in many countries during the past years [@pone.0066403-Ha1]. Elucidation of the effects of temperature variability on the mortality and morbidity is important for improvement of public health. Our study suggested that temperature changes between neighboring days should be considered as another temperature indicator in studying temperature-mortality relationship and future policy-planning in this respect. This study provided valuable evidence for policy makers to better prepare local responses to mitigate the impact of short-term temperature changes on population health. Although the underlying mechanisms for the observed relationship remained unresolved, useful information for detailed public health strategies may be generated when our findings are replicated in areas with similar geographical condition and climate profile.

Our study had two major strengths. Firstly, this study investigated the effects of temperature changes on mortality in two cities in southern China using an advanced statistical approach (dlnm) [@pone.0066403-Gasparrini2]. The distributed lag non-linear approach can flexibly investigate the possible association of temperature changes with daily mortality and related lag pattern. Although this model was relatively complicated and had many parameter specifications, our sensitivity analyses suggested that the results of the study were robust and insensitive to the model specifications. Secondly, in the analyses we controlled for a set of potential confounding factors including daily mean temperature, relative humidity and various air pollutants, which had been related with mortality variation, which meant that our results were relatively robust. Our study was one of the few studies to examine the health effect of temperature change between adjacent days [@pone.0066403-Guo1], [@pone.0066403-Plavcova1], [@pone.0066403-Ebi1], and suggested that large temperature increase between the neighboring days might be a risk factor of mortality.

On the other hand, a few limitations should be considered when interpreting findings from our study. Firstly, this was an ecological study in design; we used environmental monitoring data to represent the exposure level to weather conditions, which might not accurately reflect the real individual exposure. Secondly, we only used data from two cities in Guangdong Province, so the findings could be difficult to be generalized to population in other areas. Thirdly, we did not control for other time-varying factors that might affect the association between temperature change and mortality, such as PM~2.5~, living condition, air conditioning, behavior activity, dietary pattern, socioeconomic status, this might be one limitation in this study. It should be also pointed out that misclassification of cause of death was possible due to diagnostic and coding errors, but there was evidence that the accuracy of diagnoses and causes of death certificates was high in the study area in recent years [@pone.0066403-Yu2]. Furthermore, the current study only focused on the effects of temperature changes in summer months. The finding from this analysis could not be extrapolated to other months of the year.

In conclusion, our study suggests that temperature increase between neighboring days in summer is one risk factor of mortality, and temperature decrease is protective for human health. This study suggests that temperature changes between neighboring days might be an alternative temperature indicator for studying temperature-mortality relationship.
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###### 

Three-D plot of RR along temperature change and lags for mortalities from non-accidental diseases, cardiovascular and respiratory diseases, with reference at 0°C temperature change. Temperature change was defined as the difference of the current day's and previous day's maximum temperatures.

(TIF)

###### 

Click here for additional data file.

###### 

Three-D plot of RR along temperature change and lags for mortalities from non-accidental diseases, cardiovascular and respiratory diseases, with reference at 0°C temperature change. Results from models without mean temperature being controlled for.

(TIF)

###### 

Click here for additional data file.
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